Reducing transport emissions, in particular vehicular emissions, is a key element for mitigating the risks of climate change. In much of the academic and public discourse the focus has been on alternative vehicle technologies and fuels (e.g. electric cars, fuel cells and hydrogen), whereas vehicles based on internal combustion engines have been perceived as close to their development limits. This paper offers a different perspective by demonstrating the accelerated improvement processes taking place in established combustion technologies as a result of a new competition between manufacturers and technologies, encouraged both by more stringent EU legislation and new CAFE levels in the US. The short-term perspective is complemented by an analysis of future improvement potentials in internal combustion technologies, which may be realized if efficient regulation is in place. Based on a comparison of four different regulatory approaches, the paper identifies the need for a long-term technology-neutral framework with stepwise increasing stringencies, arguing that this will encourage continual innovation and diffusion in the most effective way.
Introduction
In 2010 the global population of cars, trucks and buses totalled one billion vehicles; in 2035 it is expected to reach two billions -and continue to grow (Sperling and Gordon, 2009: 5) . Only to stabilize global CO 2 emissions at the current level requires a 50% reduction in average emissions per vehicle in the next 25 years. Whereas overall CO 2 emissions in the EU-15 fell by 6.5% 1990-2008 , emissions from road transportation increased by 21% (EEA, 2010) . The challenge to reverse this process and start reducing road transport emissions poses critical questions concerning the potentials of various technologies, and how to design effective regulation.
The scientific debate has witnessed a strong interest in alternative automotive powertrains (Hekkert and van den Hoed, 2006; Suppes, 2006; Schoots et al., 2010) and optimistic scenarios about their market diffusion and cost reduction (Offer et al., 2010; Thiel et al., 2010) . With few exceptions (Taylor, 2008) , the interest in vehicles based on internal combustion engines (ICE) has been low, and the projections of their improvement potential pessimistic (Fontaras and Samaras, 2010; Zervas, 2010) .
Historical studies, however, suggest caution regarding the rates of penetration and diffusion of alternative technologies (Kromer et al., 2010) . Incremental refinements of established technologies and modular innovations tend to be significantly lower in cost and also diffuse more rapidly (Schäfer et al., 2006) . Furthermore, the introduction of new technologies accelerates the development of established ones, both by introducing a spirit of technological competition and by offering new combinative possibilities. This paper investigates the continual improvement potential of ICE power-trains, and discusses the effectiveness of different regulatory approaches in further reducing Page 4 6/29/2012 automotive CO 2 emissions. Rather than extrapolating trends from previous periods of stability, the paper focuses on the dynamics driving development in the current "era of ferment" ( Anderson and Tushman, 1990; Magnusson & Berggren, 2011) , characterized by uncertainty, expanding technological opportunities, tightening regulation and increasing R&D investments. Since the extent of improvement possibilities in current technologies tends to be masked by industry averages, the paper -after an overview of recent trends -presents a case study of the redesign efforts in at a previously highemitting firm. This is followed by a section on further emission reduction potentials in ICE-vehicles, building on published technical reports and interviews with automotive R&D managers. The final sections on different types of regulation emphasize the importance for policymakers to learn from the recent European history of stepwise reducing noxious diesel emissions, to design a stringent, technology-neutral framework which can drive a broad diffusion of low-emitting vehicles in a cost-effective way.
S-curves, competitive dynamics and accelerated improvement
In an analysis based on simulated "typical vehicles" in the next 5-10 years, Fontaras and Samaras (2010:1832) making a more rapid progress than in the previous ten years, and in 2009 average emissions fell by a further 5.1% (Transport & Environment, 2010) . The financial crisis and the scrappage schemes made this a special year, but the majority of the reductions were related to better technology and not to a change to smaller cars, and in 2010 emissions from new cars fell by a further 4% to an average of 140g CO 2 /km (Transport & Environment, 2011) . Whereas it previously took ten years from 1998 to 2007 for European cars to reduce their CO 2 emissions by 22 g/km, manufacturers now needed only the three years from 2007 to 2010, to cut them by a further 19 g/km. This illustrates the difficulty of using previous trends to predict technological limits without accounting for regulatory changes, which change the dynamics in the industry.
Forecasts based on historical patterns tend to subscribe to notions of industrial S-curves.
Slow progress during a specific period is interpreted as a sign of the industry reaching the end of this curve, making further progress increasingly difficult and expensive. In his studies of the disk drive industry, however, Christensen found that there is normally not one single S-shaped curve (Christensen, 1992) . When competition intensifies, by the introduction of different technologies or the advent of new entrants, repeated upward twists of the S-curve of established technologies occur, resulting in significant performance improvements with no distinct end points in sight. This analysis is highly relevant for the auto industry with its multitude of different technologies, each with its own development trajectory. New twists on the S-curve of established technologies are illustrated by the reduction of diesel engine emissions during the last 20 years , resulting in a 95% elimination of noxious exhausts: "With Euro 6 we need to 6/29/2012 reduce NOx and particles to levels that seemed totally impossible 10 years ago and at the same time achieve good overall efficiency…" (Simmons, 2011) . Rising to this challenge, truck makers started to launch vehicles with Euro 6-engines in spring 2011, two years ahead of binding legislation, and diesel cars are undergoing the same process.
Recently several factors have changed the competitive dynamics in the European car industry, such as the advent of competing technologies and architectures, mainly from Japan; the shift in the EU policy regime regarding CO 2 emissions from voluntary agreements to binding regulation; and a quadrupling of oil prices from US $20-30 in the 1990s to US $90-120 in 2008-2011 (Brent crude oil; the latter period includes an episode of extreme volatility). To estimate the real-world potential for progress on the ICEtrajectory in this environment, it is important to study diversity at the firm level. Reports from Transport & Environment (2009 illustrate that differences between carmakers go far beyond those related to various segments and weights. The next section will use one particular case to explore these differences and analyze the potential of low-cost improvements in these established technologies. As a general measure of fuel efficiency and emissions we use the tests results using the New European Driving Cycle (NEDC).
The test is performed in conditions simulating a flat road at 20-30°C and all ancillary loads are turned off (air conditioning compressor and fan, lights, heated rear window, etc); thus consumption and emissions differ considerably from real world driving. This applies to CO 2 emissions, but even more to NOx emissions (Tzirakis, et al. 2006) , an increasing problem with the diffusion of cars propelled by direct injection engines operating at higher loads. Similar test cycle limitations apply to alternatively powered 
Competitive repositioning -the case of Volvo DRIVe
To comply with the EU greenhouse gas emissions regulation, several automakers have launched special lines of low emitting models, such as BlueMotion at VW, BlueEfficiency at Mercedes-Benz, Econetic at Ford, Efficient Dynamics at BMW and DRIVe at Volvo. In the 2007-2010-period, these best practice models achieved a CO 2 emissions reduction between 20 and 30% compared to equivalent standard models (Transport & Environment, 2010: 26) . By means of a case study at one manufacturer, Volvo Cars, this section explores how the new competition forced accelerated progress and change in long established patterns.
Prior to 2007, R&D at Volvo Cars had focused on spacious family cars, in the late 1990s extended to include "sportiness" and US-style SUVs. This resulted in fuel consumption significantly above the EU average. High fuel consumption also characterized average vehicles on the company's home market, Sweden, which reported the highest average vehicle emissions in the EU (Transport & Environment, 2007) . Swedish politicians reinforced this pattern by subsidizing so-called flexi-fuel cars, even if they emitted more efficiency. This meant trading off some power and acceleration. All the cars with emissions lower than 120 g/km are built around a 1.6 liter turbocharged diesel engine, a considerable downsizing for the larger models. By doing so, Volvo engineers utilized the accumulated results of the long process of European diesel engine development since the 1980s (Berggren et al., 2009 ). The total vehicle package included other modifications, such as optimized engine control software, adapted gear ratios, low-friction tires, and streamlined body details and chassis to reduce drag. In the second step, the smaller cars achieved 99 g/km by means of an adapted stop/start system. In the larger cars, changes were also implemented in the power train's auxiliary systems, such as electric power steering and optimized battery charging, whereby the alternator charges the battery when the engine is operating at low capacity. According to a comparative analysis of the performance of EU carmakers in reducing CO 2 , Volvo delivered the largest cuts in 2010, with a 9% reduction on average (Transport & Environment, 2011) . Thereafter some examples of long-term improvement potentials in ICE-based power trains are discussed.
ICE development, near-and mid-term improvement potentials

Near-term efficiencies in ICE-based vehicles
The examples 
Improvements in auxiliary engine systems
High-efficiency generators reduce the losses in existing electrical equipment. Mechanical and hydraulic systems are replaced by electrical equipment, and on-demand operation replaces continuous operation, thus reducing parasitic losses (EPA, 2010) . This changeover is diffusing broadly among manufacturers; Ford has announced that 90% of its vehicles will be equipped by electric power steering in 2012, to save several per cents in fuel consumption (Kranz, 2009 ). LED-lights as announced by German premium makers will replace conventional halogen lighting, and save another 1-2%.
Improvements in air conditioning-systems
A modern car contains a multitude of off-cycle loads that can be switched on by the driver. The most important of them, the AC-systems, are responsible for 4% of vehicular 
Improvements in transmissions: multi-speed gearboxes and dual clutch transmissions
Five-speed gearboxes are replaced by multi-speed gearboxes, beginning with six-speeds in mass market cars (i.e., Ford and Volkswagen). Seven-to eight-speeds are already offered by premium makers. At the same time, dual clutch transmissions replace torque converters and make automatic transmissions at least as efficient as manual (Moran, 2010) . The British King report projects 4-5% improved efficiency by means of dual clutch transmission (King, 2007) , while US EPA (2010: B14) states that a six-speed gearbox with dual clutch may improve efficiency 10-15% compared to a four-speed conventional automatic.
Micro-hybridisation
Start-stop systems using belt-driven starter-alternators are currently being offered as an option by almost all European vehicle makers. These systems can be expanded to additional driving situations; for example the Stop In Neutral (SIN) approach tested at Volvo Cars, which according to its engineers may reduce fuel consumption up to 15%:
"gravitational force is the most cost-effective hybrid solution" (VCC, 2010b). Real fuel savings and emissions reduction heavily depend on actual driving cycles and independent assessments of general start-stop systems are more cautious, stating that savings of 3-4% is a realistic short-term prognosis (King, 2007) .
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Reduction of pumping losses by advanced valve management systems
Combustion engines can improve considerably if air intake and air-fuel ratios are optimized over a wider operating range (Knight, 2010; EPA, 2010 
Downsized turbo charged engines with improved operating load
A key problem in combustion engines is the huge gap between maximum power and normal operating load (Johansson, 2010) . Theoretically this could be reduced by variable cylinder volume; the industrial approach so far is downsizing, direct injection and turbo charging. By approximating volume variability, turbo charging makes ICE-engines more efficient at normal load conditions; sequential turbo with variable geometries reduces the gap further (Knecht, 2008) . This can result in fuel savings of 10-15% (King, 2007) . More advanced turbo charging includes cooled exhaust gas recirculation (EGR). According to estimates by Ricardo Engineering, cooled EGR combined with engine downsizing, single-stage turbo charging, and valve timing management reduces CO 2 emissions by 23% (EPA, 2010: B-11). In the US, downsizing has started from V8 to V6, and V6 to 4-cylinder engines. In Europe the trend is downwards from 4-cylinder engines, such as the VW Polo 3-cylinder diesel (Lilja, 2009) 
Optimization of the combustion process
Combustion process development is confronted with two conflicting problems: minimize fuel consumption, and eliminate noxious gases and pollutants. For gasoline engines, the three-way catalyst basically solved the second challenge, but the problem how to reduce fuel consumption remained. Diesel engines are more fuel-efficient than gasoline engines, but need complex auxiliary systems to eliminate local pollutants. In the US, gasoline engines completely dominate the light duty vehicle fleet, and neither automakers nor regulators have seen this as a problem. In Europe, with historically higher fuel taxes and stronger focus on fuel efficiency, automakers and regulators have been more interested in ways to make diesel engines cope with both demands. These efforts have led to
Page 15 6/29/2012 significant improvements in combustion diagnostics, sensors, electronic control and engine management systems (Knecht, 2008; Bauner, 2007) , but at the expense of adding costly after-treatment systems. To solve the dual problems of pollution and efficiency, researchers study new types of combustion processes, which combine improved thermodynamic properties and thus higher efficiency, with the low levels of pollutants emitted from modern gasoline engines. For a long time the so-called HCCI-engine (homogeneous charged compression ignition) seemed to be the most promising avenue; but several difficult obstacles (Taylor, 2008) reoriented research towards modified processes termed PPC (partially premixed combustion). According to researchers in this field, a PPC-engine could achieve almost double the efficiency of a conventional gasoline engine (Johansson, 2010) . In modern diesel management systems, PPC-principles are already implemented in part-load operation. But before being possible to implement in all load conditions, injections systems need to be fine-tuned and comprehensively tested, and fuelling principles need to be reconsidered. One alternative is to use gasoline in diesel engines, another is to use dual fuel, with diesel for part load and gasoline for full load (Dunbeck and Reitz, 2010; Lewander et al., 2009; Manente et al., 2010a Manente et al., , 2010b Ra et al., 2009 ).
Waste heat recovery
Another long-term area for efficiency improvement is recovery of energy from exhaust heat, which represents approximately 30% of the energy input in an internal combustion engine (Taylor, 2008) . Turbo charging is a first step, dual stage turbo charging with advanced exhaust gas recovery a second. Other steps include turbo compound, where Page 16 6/29/2012 more exhaust gas energy is recovered, or coupling of a turbo-charger with an electric motor /generator to reduce fuel consumption and turbo-lag (Knecht, 2008) . The efficiency of these devices is related to specific driving cycles and turbo compound has only been introduced in heavy duty trucks in specific segments. More exhaust energy can be utilized in a Rankine cycle, where exhaust heat feeds into a steam generator to generate power, which is used to charge the vehicle's electrical systems. Several automakers have announced R&D activities in different thermoelectric devices, including BMW, GM and Ford (DoE, 2009 ).
This overview of ICE-based improvement possibilities raises the question of limits to such efficiency increase. From a purely theoretical perspective, with no constraints on motion or costs, there is no limit. The more interesting question concerns the practical limits for mass market vehicles. Rules of thumbs used by ICE-researchers indicate a vast untapped potential: a factor of two in efficiency to be gained for gasoline fueled SI engines (i.e., from ~30% to 60%), and another factor of two in propulsion efficiency of a specified vehicle (Edwards, 2011) .
A comparison of different pathways
The joint report by EPA, CARB and NHTSA (EPA, 2010) evaluated four possible technology pathways for the 2017-2025 model years: one mainly based on advanced gasoline engine technologies, another relied on penetration of hybrid electric vehicles, a third was based on more advanced hybrids and electrified cars, and a fourth somewhere in between. The report assessed these pathways in relation to various stringency levels in (EPA, 2010: 6-14) . When upstream processes such as electric power generation and distribution were included, the ICE-based pathway (including a substantial portion of hybrid vehicles in the most demanding reduction scenario) tended to be superior also in terms of CO 2 emissions. Life cycle emissions for electric vehicles differ considerably between countries, however, depending on the CO 2 intensity of the power generation mix. By simulating the performance of equivalently specified EVs and ICE-vehicles, Doucette & McCulloch (2011) found that in countries with low carbon intensity in the power generation system, electric vehicles were vastly superior in terms of emissions. However, in the US with its heavy use of coal as feedstock for electric power generation, EVs were only slightly better; and in countries such as China and India with very high carbon intensity in their power production, the overall emissions of the most efficient diesel cars were equal to or lower than those for corresponding electric vehicles. As demonstrated above, ICEs have a significant potential to further reduce losses and emissions, whereas the losses in motors propelling electrical vehicles are already at a very low level. In countries with high carbon intensity which fail to change the energy mix in their power production, the emissions advantage of the ICE will increase if its improvement potential is realized.
Fuel price versus regulation
6/29/2012
The increase in oil prices during the last ten years, and the prospect of even higher prices on the back of rising demand in emerging economies, the stagnation in crude oil production, and the need to use more expensive unconventional oil (IEA, 2010) are important factors influencing long-term planning at automakers. Consumer decisions, however, tend to be less influenced by oil prices. According to EPA calculations, the added cost per vehicle in 2025 for its most aggressive emissions reduction scenario would have a consumer payback period of only 3.1 years (EPA, 2010: 6-14, 6-17).
Studies of consumer behavior (Greene, 2010) , point out that such a payback period is insufficient to drive a market-based penetration of fuel saving technologies. Based on a broad comparison of the effects of regulatory standards versus prices on automobile fuel economy, Clerides and Zachariadis (2008:268) argue that: "Fuel prices do play a role in reducing fuel consumption but the price elasticity is quite small even in the long run, so that it becomes difficult to improve fuel efficiency considerably relying on prices increases alone". By contrast, they found that regulation continued to drive improvements also when prices were falling, as long as stringencies were increased. In the US case, fuel price increases had somewhat more impact than in Europe, which could be related to its higher average fuel consumption. Conversely, this means that as cars become more efficient, fuel price increases have less impact and regulation will be more important to drive further efficiencies. This brings us to the next section. 
Experience of automotive emissions regulation in Europe and the US
Technology-forcing at a modular level
After a period of escalating criticism of automotive emissions and mounting political pressure (Tao et al., 2010) were announced and introduced in the 1990s, the activity increased to new heights. Now the system integrators, the car companies, had become the innovation leaders.
Technology-forcing has been criticized for being costly and obstructing innovations not foreseen by the legislators (Jaffe et al., 2002) . However, this emissions legislation was a major success, both in terms of air quality and automotive innovation. One reason was the competence and credibility of the regulatory agencies (Gerard and Lave, 2005) ;
another was the consistent efforts of these agencies to encourage competition by inviting firms outside the industry such as the specialty chemical firm Johnson Matthey for catalyst development; a third was the possibilities opened up by the technological advancements that gradually transformed the engine from a mechanical machine to a mechatronic compound a . Regulatory agencies supported this development, diffusing information of innovations across the industry (Tao et al., 2010) .
a This insightful note was raised by an anonymous reviewer.
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Radical technology-forcing at an architectural level
California played a major role in the process of increasing the stringency of US federal automotive emissions regulation. Prompted by the success of these efforts, and the apparent availability of pollutions-free electrical vehicles demonstrated by GM (Shnayerson, 1996) 
Reducing CO 2 emissions by voluntary agreements?
The US and in particularly California, were global pioneers in reducing polluting emissions from gasoline engines, belatedly followed by other countries (Bauner, 2007) .
In relation to CO 2 emissions, the European Union has been at the forefront. Already in 1994, Germany proposed a target of 120 g CO 2 /km at a meeting of environment respectively. Efforts to comply with these requirements have consumed considerable R&D resources; according to estimates by truck producers in the range of 50% of all R&D investments (Scania, 2008) . These regulatory requirements have competed with efforts to reduce fuel consumption. This partially explains the observation that dieselpowered cars in some years failed to improve their fuel efficiency at the same rate as gasoline cars, which was misunderstood as a sign of diesel reaching its development limits (Zervas, 2010) .
Comparing the regulatory models
The US examples of legislation both had a technology-forcing character, but at very different levels. The CAAA-regulation enforced the development of a new advanced component. This was a modular innovation (Henderson and Clark, 1990) Whereas the US CAAA has been extensively studied, the European Euro 1-6 emission regulation has been much less investigated. There are significant similarities as well as differences. Both implied modular additions and changes in existing vehicles (more expensive and complex in the diesel case, but still modular), and did not demand any alternative vehicle architectures. This resulted in a very rapid diffusion of the new technologies across vehicle fleets at the required dates. Several European countries accelerated this process by incentives to manufacturers which could market "clean" vehicles ahead of schedule. Further, the regulatory approaches consisted of several levels of increasing stringency. In the US there were basically three big steps, with a long time lag between the first and the second as a result of changing political majorities; in Europe there has been a more stable long-term system of steps with increasing stringency. Both of the approaches have been driving innovation; in the US case, catalyst technologies and electronic controls (Lee et al., 2010) , in the European case, improvements in combustion diagnostics, sensors, electronic control, and management systems for diesel engines (Bauner, 2007; Knecht, 2008) . The gradual tightening of standards, with each step implying a challenging but not impossible goal, has very much changed the perception of diesels in Europe, also within the industry: "If people had told us at the start that we would accomplish what we are actually doing today we would never have believed them!" (Engine & emissions manager, Scania, 2007) .
Compared to the American experience, the forcing elements of EU's diesel regulation have been less technology-specific. Another difference is that the Euro regulation seems to have had a more profound impact on industrial dynamics, by stimulating the market, previously notorious for its low fuel efficiency, identified almost 100 car models with emissions lower than this EU target, noting that in the compact class ("the Golf segment"), car makers just have to offer such models (Stjerna, 2010) . However, as demonstrated by Lee et al. (2010) Previous regulations of local pollutants forced vehicle makers to adopt very similar solutions. In the case of CO 2 emissions there is a rapidly expanding portfolio of technological solutions, which means that regulatory authorities should be careful in Page 28
6/29/2012 supporting any particular technological avenue. In fact, there are strong reasons, both from the perspective of efficiency (lowest cost) and in the interest of broad search (innovation-encouragement) to actively refrain from technology-specific forcing. A prime challenge in this respect is to establish relevant criteria that enable lifecycle comparisons, considering that increased electrification will reduce tailpipe CO 2 emissions at the expense of increased emissions from vehicle production as well as from electric power generation (Schäfer et al, 2006) .
The key role of regulation should be to set in place a credible and stable system of stepwise increasing standards, and on that basis encourage competition between firms as well as between technologies, but also support collaboration and information-sharing, for example regarding new standards and technical interfaces. National authorities can promote such an industrial dynamic if they devise general incentives for early introduction of low-emitting vehicles, without specifying any technologies used. This will encourage consumers to make CO 2 emissions a key part of their purchasing decisions and stimulate competition among car makers to move more rapidly than the legally required levels.
The continual development of ICE-technologies in modern vehicles has been shadowed by the tendency to technological over-shooting, where improvements in efficiency are used for increases in convenience, comfort and weight, faster acceleration and higher top speed (Cuenot, 2009 
